All relevant data are within the paper and its Supporting Information files.

1. Introduction {#sec001}
===============

Recent international efforts to compare and synthesize different earth system models have come with a strong focus on quantifying the past, current, and future contributions of land use to climate change \[[@pone.0184479.ref001]--[@pone.0184479.ref004]\]. However, adequate prediction of land use--based emissions requires an improved understanding of megatrends in land use systems change \[[@pone.0184479.ref002],[@pone.0184479.ref005]\]. While the literature offers good representations of the major natural land covers and human land uses \[[@pone.0184479.ref006]--[@pone.0184479.ref008]\], mosaic landscapes with a dynamic mix of managed and natural land covers often fall through the cracks in global land cover and land use classifications, as these are unable to adequately capture such landscapes' dynamic nature and complex spectral signatures \[[@pone.0184479.ref009]--[@pone.0184479.ref012]\]. This has led to a paucity of global information on certain land use systems, including shifting cultivation at the global level. To date, we know little about its worldwide extent, underlying spatial patterns, or global trends in its past and future development. This became particularly evident when Hurtt et al. \[[@pone.0184479.ref002]\] included shifting cultivation in a global harmonization of land use states and transitions from past to future: they found only one (hand-drawn) global map of shifting cultivation, in a book on economic geography dating from 1980 \[[@pone.0184479.ref013]\]. At the same time, shifting cultivation was one of the most sensitive variables in their model runs (along with wood harvesting). Accordingly, they emphasized that "the need for global data on annual global gridded land-use transitions from past-to-future presents a large and underdetermined problem" \[[@pone.0184479.ref002]\].

Besides the need to determine the effects of shifting cultivation on land use--based greenhouse gas emission scenarios, there are other important reasons for gaining a better understanding of change in shifting cultivation systems. Shifting cultivation has often been blamed as the main cause of deforestation and forest degradation \[[@pone.0184479.ref009]--[@pone.0184479.ref011],[@pone.0184479.ref014],[@pone.0184479.ref015]\], but evidence is growing that when shifting cultivation is discontinued, it is often replaced by intensified land uses with higher environmental impacts \[[@pone.0184479.ref016],[@pone.0184479.ref017]\]. For example, many of the commercial or smallholder oil palm and rubber plantations that cover large areas of Southeast Asia today are on land that was formerly used for shifting cultivation \[[@pone.0184479.ref018]--[@pone.0184479.ref021]\].

Lastly, it is also problematic that shifting cultivation has been subject to recycling of statements about its importance that have no basis in thorough empirical research. Nobody knows how many people today depend on shifting cultivation globally \[[@pone.0184479.ref022]\]. A review focusing on Southeast Asia found little aggregate information about the areas under shifting cultivation there \[[@pone.0184479.ref010]\], and we were unable to find information about shifting cultivation areas in Africa and Latin America.

Our main objectives in this study are therefore 1) to review published knowledge about current status and past trends in the development of the global extent of shifting cultivation; 2) to assess the recent global distribution of shifting cultivation and, based on these trends and expert statements, 3) to provide a first estimation of the future extent and spatial distribution of shifting cultivation until 2090. This will be useful in improving the characterization of land surface and land use dynamics for earth system models and large-scale carbon and greenhouse gas accounting. Our point of departure is a global map of the distribution of "primitive subsistence agriculture" produced by Butler in 1980 \[[@pone.0184479.ref013]\], a visual inspection of the distribution of shifting cultivation based on the 2000--2014 Global Forest Change (GFC) data set \[[@pone.0184479.ref008]\] and very high--resolution satellite imagery, as well as an expert survey. Our predictions of future extents of shifting cultivation are, of course, speculative. In fact, they should be understood as "best guesses" about general patterns rather than temporally and spatially accurate predictions, as land use transitions often happen suddenly, causing abrupt changes over large areas \[[@pone.0184479.ref023]\]. But developing predictions is essential to estimating future land use--based greenhouse gas emissions, and we consider that our approach will help to improve existing projections, which essentially assume the area under shifting cultivation to remain constant in the future \[[@pone.0184479.ref002]\]. The main outcomes presented in this study are maps showing the estimated presence of shifting cultivation at a one-degree resolution for the present, as well as, for the first time, estimations for 2030, 2060, and 2090. The maps focus on the tropical parts of Central and South America, Africa, South and Southeast Asia, and the Southwest Pacific for two reasons: 1) These areas have the most biomass, causing land use transitions in these areas to have a particularly high impact on global carbon emissions; and 2) shifting cultivation is most widespread in these areas today \[[@pone.0184479.ref017]\].

2. Methods {#sec002}
==========

2.1 Available literature on the current global extent of shifting cultivation {#sec003}
-----------------------------------------------------------------------------

To assess published scientific material on the current extent of shifting cultivation, we searched the Web of Science ("All Databases") using the following search string:

\[Title\]: \"shifting cultivation\" or swidden\* or \"slash and burn\" or \"slash-and-burn\" or \"shifting agriculture\" AND \[Year published\]: 2005--2016.

The search was performed in January 2016 and generated 324 articles, which we then screened for data on numbers or estimates of global or national areas influenced by shifting cultivation. Articles with data at subnational scales were only considered if the subnational area studied constituted the main area of shifting cultivation in the given country (and thus a reasonable estimate of the national extent of shifting cultivation). We limited the search to the period from 2005 to 2016 partly because we were interested in the most recent data on the extent of shifting cultivation as a basis for generating a map showing the contemporary situation (around the year 2010); the other reason was that we expected many recent reports on areas under shifting cultivation to rely on previously published data, which would enable targeted backtracking through the literature all the way to the original sources. In addition to searching the Web of Science, we also consulted three major book publications that could be assumed to contain relevant information \[[@pone.0184479.ref024]--[@pone.0184479.ref026]\].

2.2 Visual assessment of current landscapes with signs of shifting cultivation {#sec004}
------------------------------------------------------------------------------

To approximate the current extent of shifting cultivation landscapes globally we used the results of a time-series analysis of mainly Landsat images characterizing forest extent and change \[[@pone.0184479.ref008]\], hereafter referred to as Global Forest Change (GFC) data set. The spatio-temporal pattern of the annual deforestation data from 2000 to 2014 at a resolution of 30 meters provides the basis for our approximation. Given that biomass regrows very quickly in the humid tropics, the GFC data set treats large shares of a field cleared for shifting cultivation and kept fallow for a relatively short period as deforestation. In addition, we used available very high--resolution satellite imagery from Bing and Google (most images dating from the period between 2008 and 2015; visited between September and April 2015) in an ArcGIS Desktop 10.4 and QGIS environment to examine visually whether a given area for which the GFC data indicated a spatio-temporal pattern of small-scale clearings consistent with shifting cultivation, was indeed likely to be under shifting cultivation. This is only the case if, in addition to a pattern of small-scale clearings in the GFC data, a spatio-temporal pattern of different stages of fallow and regrowth is visible in the very high--resolution imagery from Bing and Google. [Fig 1](#pone.0184479.g001){ref-type="fig"} illustrates the procedure we used for this visual inspection. By zooming into areas where these clearings indicate possible shifting cultivation, we were able to determine visually whether they were accompanied by the pattern of fallows characteristic of shifting cultivation ([Fig 1E](#pone.0184479.g001){ref-type="fig"}) or not ([Fig 1D](#pone.0184479.g001){ref-type="fig"}). As the data we used (GFC as well as Bing and Google imagery) cover the period from 2000 to 2014 and 2015, respectively, our assessment of the current extent of shifting cultivation does not relate to any specific year. We attribute it to 2010 for the sake of simplicity.

![Identification of spatio-temporal pattern based on GFC global annual deforestation data \[[@pone.0184479.ref008]\] and very high--resolution satellite imagery.\
Fig 1A shows a one-degree square of northern Laos. The colored pixels indicate clearings in different years between 2000 and 2014 as recorded in the GFC data set \[[@pone.0184479.ref008]\]. Fig 1B to Fig 1E show examples of different zoom levels used to decide whether the pattern in the GFC data is indeed related to shifting cultivation Fig 1E (showing pattern of clearing for the current year of cultivation and different stages of fallow) or not Fig 1D (larger scale clearings with young rubber). The imagery used for illustrative purpose in Fig 1 is based on Copernicus Sentinel 2 data from 2016. Maps created in QGIS 2.16.](pone.0184479.g001){#pone.0184479.g001}

As our aim was to provide, in a timely manner, a global-scale overview of landscapes showing signs of shifting cultivation for use in global land use--related earth system modeling scenarios \[[@pone.0184479.ref027]\], we worked at an aggregated level using one-degree cells, which corresponds approximately to the scale of current earth system model analyses. Initially, we considered all 6,704 one-degree cells covering the land area between 30°S and 30°N, where shifting cultivation is likely to occur \[[@pone.0184479.ref017]\]. From this, we excluded regions where shifting cultivation can safely be assumed to not have been present for centuries (e.g. Australia, the Gulf States, arid areas in Africa) or where it disappeared several decades ago (e.g. Peninsular Malaysia, central and southern Thailand) \[[@pone.0184479.ref028]\]. This left us with 2,817 one-degree cells, which we then further investigated.

Using the data and approach described above, each one-degree cell was examined visually at various zoom levels (roughly 1:100'000 but, if necessary, occasionally at larger scales) to determine whether it showed the very specific spatio-temporal signature of shifting cultivation (see [Fig 1](#pone.0184479.g001){ref-type="fig"}). Visual interpretation has well-known limitations in terms of subjectivity and potentially limited reproducibility \[[@pone.0184479.ref029]\], but there are two main reasons why a visual approach has been chosen: Firstly, while a number of approaches has recently been developed to detect shifting cultivation based on automated approaches at the regional and national level using remote sensing data (e.g. \[[@pone.0184479.ref030]--[@pone.0184479.ref037]\]) such approaches cannot yet be up-scaled to global level due to data availability as well as computational limitations. Secondly, the detection and monitoring of complex shifting cultivation mosaics using automated remote sensing approaches remains challenging \[[@pone.0184479.ref033],[@pone.0184479.ref038],[@pone.0184479.ref039]\] and the mentioned small spatio-temporal signature of vegetation clearings and regrowth is very specific to shifting cultivation and visual interpretation is therefore suitable \[[@pone.0184479.ref040]\]. Moreover, even if GFC deforestation data processing using the Google Earth engine might enable this automation in the future, the visual approach will still be highly valuable for validating the robustness of automated approaches.

To get a first estimation of the occurrence of shifting cultivation, we classified each cell under investigation into one of five shifting-cultivation occurrence classes: none, very low, low, moderate, or high. We did not perform any detailed spatial delineation of the actual area under shifting cultivation, as the goal of our study was to provide a global one degree--gridded product. Hence, the occurrence level was estimated and not measured and the classification was based on a coarse assessment of the landscape (also see accuracy assessment below). The five classes corresponded to the following rough ranges of area shares of shifting cultivation landscapes (currently cultivated fields plus all stages of fallows) within an entire one-degree cell: none: \< 1%; very low: 1--9%; low: 10--19%; moderate: 20--39%; high: ≥ 40%. The area approximation of actual shifting cultivation landscapes was performed based on the average occurrence rates in the one-degree cells for each of the five classes above (\>1% class: 0%; 1--9%: 5%; 10--19%: 15%; 20--39%: 30%; ≥40%:70%). The area calculation was done within a Mollweide projection. We compared this result to Butler's (1980) binary (presence or absence) map of shifting cultivation, gridded into one-degree cells.

The validation of shifting cultivation mapping is generally challenging due to the lack of reference data \[[@pone.0184479.ref041],[@pone.0184479.ref042]\]. Using recent regional and national automated classification of shifting cultivation as reference (e.g. \[[@pone.0184479.ref030]--[@pone.0184479.ref037]\]) would be insufficient, as they only cover very few of our one-degree cells and are not representative globally. In addition, the methods used in the different national and regional assessments vary greatly and are far from being standardized. As global level ground data collection is not feasible and no global data on shifting cultivation for the considered time span of 2000 to 2014 is available, we generated a validation dataset, which contains a detailed delineation of the areas under shifting cultivation for a stratified sample of one-degree cells. The stratified validation sample design was chosen considering the distribution of the validation samples per occurrence class and the spatial distribution per continents. Taking into consideration the stratification criteria, 328 one-degree cells were randomly selected to be validated. As for the entire global level assessment of all the 2,817 one degree cells considered, the GEFC and available very high resolution imagery (i.e. Bing and Google Earth) were used. In addition, to the extent multi-temporal very high resolution imagery was available on Google Earth, these were used to get an even better impression of the landscape and its land-use dynamics. According to Olofsson et al. \[[@pone.0184479.ref043]\] when using the same source material for the classification as for the reference or validation data, it is essential to create the reference/validation data with a more accurate process than the classification. Each of the 328 sample one-degree cells was subdivided in cells of 1/100 degree by 1/100 degree, resulting in 10,000 verification cells per one-degree cell. Each of these samples was visually examined in detail at scale of 1:20,000 or lower for the presence or absence of the above mentioned shifting cultivation specific spatio-temporal signs of clearing and regrowth on the landscape. To assess the accuracy of our estimated occurrence levels of shifting cultivation on the landscape, this validation data was used to calculate the actual area shares of the 1/100 by 1/100 one-degree cells classified as having shifting cultivation in validation data for all 328 one degree samples cells. [Fig 2](#pone.0184479.g002){ref-type="fig"} illustrates this process for one sample cell. In this specific case 1088 or 10.88% of the 1/100 degree cells within the one-degree sample cell were detected as having shifting cultivation in the validation data sets. In our classification the occurrence for shifting cultivation was estimated at a "low level", meaning 10--19%, which in this case was in line with the validation data set. The producer's and user's accuracies were calculated for each occurrence class (\< 1%; very low: 1--9%; low: 10--19%; moderate: 20--39%; high: ≥ 40%.) and the overall accuracy and the Cohen's kappa coefficient were calculated.

![Creation of validation dataset.\
(Fig 2A): the global distribution of the stratified sample of the 328 one-degree cells used in the validation data set. (Fig 2B): Location of the one-degree cell of Fig 2C - 2E. (Fig 2C): One-degree cell with a mesh of 1/100 degree cells as a basic unit for the validation data set, green cells having a shifting cultivation occurrence class of \>1% in our global classification. The red box marks the extent of Fig 2D and Fig 2E. (Fig 2DA) and (Fig 2E): The white line grid marks the 1/100 degree cells used as basic unit for the validation data. Based on the spatio-temporal pattern of the GFC data (different colours denoted different year of clearings) and the patterns of clearing and regrowth in the very high resolution imagery (here Bing), a 1/100-degree cell is being classified as showing shifting cultivation or not. The red hatching in (B) indicates the 1/100 degree cells that were classified as having shifting cultivation. (Source of imagery in 2D and 2E: Pansharpened Landsat 8 image, acquisition date January 5 2014, available from the U.S. Geological Survey.). Maps created in QGIS 2.16.](pone.0184479.g002){#pone.0184479.g002}

2.3 Past and future change in areas under shifting cultivation {#sec005}
--------------------------------------------------------------

In order to assess both past and future land use transitions in areas currently under shifting cultivation, we identified experts with recent knowledge of these areas by searching the Web of Science ("All Databases") for papers published between 2005 and 2015 whose title contained "shifting cultivation" or similar terms. We used a search string similar to the one used for the literature review:

\[Title\]: \"Shifting cultivation\" or swidden or \"slash-and-burn\" or \"slash and burn\" or \"shifting agriculture\" AND \[Year published\]: 2005--2015

The search was performed in September 2015 and generated 316 results. After eliminating papers that were not related to recent shifting cultivation in the tropics (e.g. archeological studies or historical studies of shifting cultivation in Europe), duplicates, and papers whose authors had deceased in the meantime, 282 papers remained. The 270 first authors of these papers were listed and their email addresses were found.

An online questionnaire was designed and sent to these 270 authors in September 2015 using survey monkey. All answers were anonymous and cannot be traced back to the individual expert. Thirty-eight email addresses were no longer functional and 7 authors declined to participate for various reasons. Of the remaining 225 authors, 72 responded and 49 provided usable information (see [S1 File](#pone.0184479.s001){ref-type="supplementary-material"}). There was a bias towards responses from researchers who worked in Southeast Asia (see [Fig 3](#pone.0184479.g003){ref-type="fig"}); but this is also the world region where most research on shifting cultivation has been done, whereas Africa has the fewest studies and is clearly under-represented in light of the considerable occurrence of shifting cultivation there \[[@pone.0184479.ref017],[@pone.0184479.ref044]\].

![Survey responses received, by country of study.\
This figure was elaborated by the first author using ArcGIS 10.4.](pone.0184479.g003){#pone.0184479.g003}

The respondents were asked to estimate the current spatial extent of shifting cultivation as well as past and future trends in the development of this extent in their area of interest. The most important questions included:

1.  \- Indicate shifting cultivation area changes in the following periods of the past (no change, expansion, decline, disappearance): 1900--1970; 1970--2000; 2000--2015.

2.  \- Indicate how you expect the shifting cultivation occurrences to change in the future for the following periods (no change, expansion, decline, disappearance): 2015--2030; 2030--2060; 2060--2090.

The information provided by the respondents related to very different spatial scales, ranging from village to district, provincial, and, in some cases, national scales. Moreover, it is not possible to know in detail how the respondents arrived at their assessment of past and future extents of shifting cultivation. The selection process ensured that all are experts in the field, but there may be disciplinary or personal differences in the way that especially the future of shifting cultivation was assessed.

With these caveats in mind, we aggregated responses to the national scale and to three supranational regions: the tropical parts of 1) Central and South America, 2) Africa, and 3) Asia. We then made an estimate of trends in occurrence of shifting cultivation for these aggregated regions for 2030, 2060 and 2090 also taking into account the historical trends between the Butler map and our 2010 classification. It is important to note that these are indeed very rough possible scenarios and should be seen as expected trends rather than fixed percentages of decline.

To generate a spatially explicit prediction of the temporal dynamics (decline) of shifting cultivation through to the 2090s, we combined the survey results with several simple assumptions. We initiated occurrence at a one-degree resolution in 2010 (base year) at the mean of the above-stated ranges for each occurrence category in the assessment of current landscape with signs of shifting cultivation based on the GFC data (c.f. 2.2). For each grid cell, the occurrence of shifting cultivation declined linearly by the mid-point of the estimated losses in 2030, 2060 and 2090 (see Section 3.4). If and when the occurrence of shifting cultivation in a grid cell fell below 5% (mean value for "very low"), shifting cultivation was assumed to disappear in that grid cell. If the survey provided information about when (i.e. 2030, 2060, 2090) shifting cultivation was expected to disappear completely from a specific country (n = 21), all one-degree cells having their centroid within that country where classified as having zero occurrence of shifting cultivation after that time, regardless of the above-described gradual decrease.

3. Results and discussion {#sec006}
=========================

3.1 Early spatial representations of shifting cultivation {#sec007}
---------------------------------------------------------

The aforementioned map produced by Butler \[[@pone.0184479.ref013]\] ([Fig 4](#pone.0184479.g004){ref-type="fig"}) is a hand-drawn representation of areas where both shifting and non-shifting "primitive subsistence agriculture exists," as Butler put it. The map shows large areas under such agriculture in Africa, tropical Central and South America, and Southeast Asia. No source is reported for the map, but most likely it builds on a number of regional studies that was carried out between the 1940s and the 1970s, as well as "general knowledge" of where shifting cultivation and other extensive smallholder farming systems were found. The map is binary (presence-absence), with no information on occurrence frequency or land-use intensity.

![Butler (1980) map of areas where land use includes "primitive subsistence agriculture," which in the humid tropics largely consists of shifting cultivation (reproduction by first author using ArcGIS 10.4 based on Hurtt et al. \[[@pone.0184479.ref002]\]).](pone.0184479.g004){#pone.0184479.g004}

At the regional scale, an assessment by Spencer \[[@pone.0184479.ref045]\] provides a slightly more differentiated picture of the presence of shifting cultivation practices in Asia. The data sources are not entirely clear, but the assessment seems to be based on a number of studies carried out between the end of the 19th century and the late 1950s, along with expert judgement. Spencer's hand-drawn map is largely in agreement with Butler's for most areas, but it shows larger areas under shifting cultivation in Thailand, Myanmar, India, and Sri Lanka. Spencer \[[@pone.0184479.ref045]\] indicates an approximate area under shifting cultivation (currently cultivated fields plus all stages of fallows) of around 110 million hectares (Mha) for Asia. The classic studies on shifting cultivation in Africa \[[@pone.0184479.ref046]--[@pone.0184479.ref048]\] do not provide any area data for the continent, and for Central and South America we were unable to find any regional-scale past area estimation.

In the absence of further data to validate past estimations of the extent of shifting cultivation, the Butler map may be considered a reasonable representation of the global distribution of shifting cultivation from 1960 into the 1970s. Although the areas shown on the map also include non-shifting forms of subsistence agriculture, it is reasonable to assume that shifting cultivation predominated in the humid and sub-humid tropics, which are the main focus of the present study.

3.2 Recent and current extents of shifting cultivation {#sec008}
------------------------------------------------------

Our review of the more recent literature revealed surprisingly few studies containing regional or global estimates of areas under shifting cultivation. A study conducted by the Food and Agriculture Organization (FAO) of the United Nations in 1985 (based on 90 tropical countries reporting forest fallow areas within the FAO/UNEP Tropical Forest Resources Assessment Project 1982 \[[@pone.0184479.ref049]\]) estimated the worldwide extent of shifting cultivation in the early 1980s at 400 Mha \[[@pone.0184479.ref050]\], and an assessment made in 2011 with the aim of estimating greenhouse gas emissions arrived at 260 Mha for the 2000s \[[@pone.0184479.ref001]\]. An area of 1,000 Mha was mentioned by Davidson et al. \[[@pone.0184479.ref051]\] citing Sanchez et al. \[[@pone.0184479.ref024]\], who in turn had cited Dixon et al. \[[@pone.0184479.ref052]\]; the latter source, however, does not provide this information, so the 1,000 Mha claim seems to be unfounded.

The study by Silva et al. \[[@pone.0184479.ref001]\] used the Global Land Cover 2000 (GLC2000) data set \[[@pone.0184479.ref053]\] and the Map of the Ecosystems for Central America \[[@pone.0184479.ref054]\] to estimate the extent of shifting cultivation at the global scale. This approach, however, suffers from the shortcoming that land cover data are of very limited use in estimating land use practices, which is acknowledged by Silva et al. \[[@pone.0184479.ref001]\]. While shifting cultivation's signature on the landscape may be captured as a mixture or mosaic of agriculture and forest land cover classes, this alone does not suffice to indicate with certainty the presence of shifting cultivation. For example, the large areas of tree plantations established in Vietnam and southern China in the 1980s and 1990s can also leave a mosaic signature at a certain point in time and might therefore be incorrectly interpreted as shifting cultivation ([Fig 1](#pone.0184479.g001){ref-type="fig"}). On the other hand, large areas with shifting cultivation in Central Africa, for example in the Democratic Republic of the Congo \[[@pone.0184479.ref036]\], are strongly under-represented in Silva et al. \[[@pone.0184479.ref001]\], possibly owing to the scale (1-km resolution) of the GLC2000 data sets.

The number of estimates of areas under shifting cultivation at regional and national scales in the literature is also very limited. For Southeast Asia, Schmidt-Vogt et al. \[[@pone.0184479.ref010]\] compiled available published shifting cultivation area estimates for seven countries: Thailand, Laos, Cambodia, Vietnam, Myanmar, Malaysia, and Indonesia. However, the areas indicated for each country vary greatly depending on the source. For example, data for Laos indicate between 2 and over 6 Mha, while more recent figures based on remote sensing (multi-temporal Landsat) for northern Laos---where the largest share of shifting cultivation in the country is found---are 3.1 Mha \[[@pone.0184479.ref033]\] and 2.6 Mha \[[@pone.0184479.ref034]\]. Comparison of these figures with the GLC2000-based area estimate for Laos of almost 11 Mha \[[@pone.0184479.ref001]\] underlines the problem of using the GLC2000 to estimate areas under shifting cultivation. For India, Goswami et al. \[[@pone.0184479.ref055]\], citing the Wasteland Atlas \[[@pone.0184479.ref056]\], estimated the extent of shifting cultivation in the mid-2000s at 5.6 Mha (only area under cultivation), whereas the GLC2000-based estimate is 7.6 Mha \[[@pone.0184479.ref001]\]. Regarding Central and South America, the only available source \[[@pone.0184479.ref057]\] used the secondary forest class as defined in FAO's Forest Resource Assessment 1990 \[[@pone.0184479.ref058]\] as a proxy and stated the area under shifting cultivation to be 165 Mha. Silva et al. \[[@pone.0184479.ref001]\] indicate 110 Mha for this region, but unlike FAO they did not include Mexico in their estimation. As for Africa, we found only one recent national study, on the Democratic Republic of the Congo \[[@pone.0184479.ref036]\]. Its authors detected changes in what they call "the rural complex" for the period from 2000 to 2010. The areas referred to as "the rural complex" may be used as a proxy for the presence of shifting cultivation. The authors estimated that these areas made up 13.1% of the country's total land area in 2010; assuming the Democratic Republic of the Congo has a land area of 2.27 million km2 \[[@pone.0184479.ref059]\], this would amount to nearly 30 Mha, compared to 16 Mha based on the global GLC2000 data set in Silva et al. \[[@pone.0184479.ref001]\].

[Fig 5](#pone.0184479.g005){ref-type="fig"} presents the results of our own visual approximation of the global extent of shifting cultivation around 2010 at a one-degree resolution, based on Hansen et al.'s (2013) GFC data and very high--resolution satellite imagery. The map shows that shifting cultivation is still present across large areas of the humid tropics. However, the occurrence of shifting cultivation within most of the individual one-degree cells is very low, meaning that it is a minor component of the overall landscape. More widespread signs of shifting cultivation were found mostly in small pockets, with the exception of larger areas in Central Africa (e.g. northern Zambia and in the Democratic Republic of the Congo), parts of southeastern Africa (e.g. Mozambique), northern mainland Southeast Asia (northern Laos and Myanmar), Borneo, and, to a lesser degree, Central America, Colombia, and Peru.

![Estimation of landscapes showing signs of shifting cultivation around 2010 between 30°S to 30°N.\
Based on visual inspection of annual global deforestation data \[[@pone.0184479.ref008]\] from 2000 to 2014 and very high-resolution satellite imagery. Areas in which shifting cultivation can be assumed to have never existed or disappeared decades ago have been excluded from the analysis (dark gray). This figure was elaborated by the first author using ArcGIS 10.4.](pone.0184479.g005){#pone.0184479.g005}

Globally, sixty-two per cent of the investigated one-degree cells showed signs of shifting cultivation, with surprisingly similar shares across the 3 regions, ranging between 59 and 65% ([Table 1](#pone.0184479.t001){ref-type="table"}) In absolute terms, the majority of cells with shifting cultivation are located in the Americas and Africa (almost 78%).

10.1371/journal.pone.0184479.t001

###### Numbers and percentages of one-degree cells studied that showed signs of shifting cultivation (SC) or not (No SC), as well as percentages of cells showing signs of shifting cultivation in the various occurrence classes, per region.

The area of interest ranges from 30°S and 30°N (6,704 one-degree cells on landmass), while the area investigated includes 2,817 cells. The remaining cells (3,887) were excluded from the analysis as shifting cultivation can be assumed to have never existed or disappeared decades ago (see [Fig 5](#pone.0184479.g005){ref-type="fig"} and [Method](#sec002){ref-type="sec"} section).

![](pone.0184479.t001){#pone.0184479.t001g}

  Region                      Total (cells)   No SC \# cells (%)   SC \# cells (%)   Very low SC (% of SC)   Low SC (% of SC)   Moderate SC (% of SC)   High SC (% of SC)
  --------------------------- --------------- -------------------- ----------------- ----------------------- ------------------ ----------------------- -------------------
  Central and South America   1,082           375 (35%)            707 (65%)         59.7                    27.9               9.9                     2.5
  Africa                      1,082           432 (40%)            650 (60%)         52.0                    30.8               14.6                    2.6
  Asia                        653             267 (41%)            386 (59%)         43.0                    37.0               17.1                    2.8
  **Total**                   **2,817**       **1074 (38%)**       **1743 (62%)**    **53.1**                **31.0**           **13.3**                **2.6**

The very low occurrence of shifting cultivation within a majority of cells, particularly in the Americas, points towards shifting cultivation being either a form of cultivation practiced in landscapes where only a minor share of the land is used for agriculture (e.g. in the Amazon and parts of the Democratic Republic of the Congo), or a residual form of cultivation in landscapes that have mostly been transformed to other land uses (such as permanent agriculture or tree crops, e.g. in parts of Southeast Asia).

The validation of the estimation of landscapes showing signs of shifting cultivation revealed that 95.1% of the one-degree cells showing signs of shifting cultivation in the validation data correspond to the results in our classification. Also when considering the different levels of occurrence of shifting cultivation estimated based on the overall impression of the landscape per one-degree cell, the accuracies were high (see confusion matrix in [Table 2](#pone.0184479.t002){ref-type="table"}), with an overall classification accuracy of 87.8%. This indicates that, despite the subjectivity involved on estimating the landscape level of occurrence of shifting cultivation in our classification, the method led to reproducible and accurate results. The comparably low user and producer accuracies of the class "moderate" occurrence (20--39% coverage of shifting cultivation landscapes of the entire one-degree cell) is not surprising as it could have been expected that this intermediate class would be the most difficult one to estimate.

10.1371/journal.pone.0184479.t002

###### Accuracy assessment of the global classification ([Fig 5](#pone.0184479.g005){ref-type="fig"}).

![](pone.0184479.t002){#pone.0184479.t002g}

  -------------------- --------------------- ---------- -------------- --------- -------------- ---------- -----------
                       **Validation data**   **PA**                                                        
  **Classification**   **Classes**           **None**   **Very Low**   **Low**   **Moderate**   **High**   **Total**
  **None**             153                   7          0              0         0              160        95.6%
  **Very Low**         9                     68         2              1         0              80         85.0%
  **Low**              0                     9          43             7         0              59         72.8%
  **Moderate**         0                     0          1              16        3              20         80.0%
  **High**             0                     0          0              1         8              9          88.8%
  **Total**            162                   84         46             25        11             328        
  **UA**               94.4%                 80.9%      93.5%          64.0%     72.7%                     
  -------------------- --------------------- ---------- -------------- --------- -------------- ---------- -----------

The overall accuracy is 87.8% and Cohen's Kappa is 0.816 (PA = producer's accuracy; UA = user's accuracy).

While an area approximation of actual shifting cultivation landscapes based on our analysis is difficult due to the estimated and not measured shared of shifting cultivation of each one-degree cell we believe that, given the high accuracy of this estimation (see [Table 2](#pone.0184479.t002){ref-type="table"}), a conservative estimate can nonetheless be derived by visually inspecting the cells and allocating reasonable shares of shifting cultivation landscape (currently cultivated fields plus all stages of fallows) to them as described in the methods section. Using the mean values of the ranges specified for the different occurrence classes for all cells in all classes results in a total area of 280 Mha. This number certainly requires further validation before it can be claimed to be an adequate estimate of the global area under shifting cultivation. Nonetheless, it is more evidence-based than the 1,000 Mha of unclear origin that are repeatedly cited in the literature (e.g. \[[@pone.0184479.ref024]\]). Surprisingly, our estimate is not too far from the 259 Mha proposed in Silva et al \[[@pone.0184479.ref001]\], even though their estimate excludes large areas under shifting cultivation and includes areas under other forms of agriculture and natural vegetation. At the regional scale, the only number to which we can compare our result is the 110 Mha for Asia estimated by Spencer \[[@pone.0184479.ref045]\], which is considerably larger than our estimate for this region of approximately 70 Mha. The difference appears plausible if we consider that Spencer's estimate is based on a hand-drawn map and that Asia has seen considerable decreases in shifting cultivation since that map was created (see section on recent trends below).

3.3 Recent trends in the extent of shifting cultivation {#sec009}
-------------------------------------------------------

Two steps enabled us to gain insights into larger recent (last 40 to 50 years) trends in the development of the global area under shifting cultivation. First, we compared the Butler \[[@pone.0184479.ref013]\] map ([Fig 4](#pone.0184479.g004){ref-type="fig"}) with our own spatial estimate ([Fig 5](#pone.0184479.g005){ref-type="fig"}) of areas that were under shifting cultivation around 2010. Second, we combined the results of this comparison with those of our expert survey.

The difference between the Butler map---which is presumably based on studies dating from the 1960s and 1970s \[[@pone.0184479.ref013]\]---and our own current investigation around 2010 is displayed in [Fig 6](#pone.0184479.g006){ref-type="fig"}. Generally, the two approximations of areas under shifting cultivation are in fairly good agreement, especially when considering that the large differences in the arid areas of northern Africa, southern Angola, and Zambia and the high-mountain areas of eastern Bolivia are largely explained by the fact that Butler included other, non-shifting forms of extensive smallholder agriculture and that shifting cultivation in these areas based on the climatic condition never could have been widespread. Many of the other decreases from Butler's to our map (dark brown in [Fig 6](#pone.0184479.g006){ref-type="fig"}) can also most likely be related to the actual disappearance of shifting cultivation in these areas that have seen significant land use transitions over the past 40 to 50 years. This is the case for Peninsular Malaysia \[[@pone.0184479.ref028]\], parts of Sumatra \[[@pone.0184479.ref060]\], Yunnan Province in southern China \[[@pone.0184479.ref061]\]and the southern part of the Brazilian Amazon \[[@pone.0184479.ref062]\], for example. When looking at this comparison, it is important to keep in mind that only full "disappearance" of shifting cultivation within a one-degree cell will show as a change between the two data sets; gradual decreases---which normally precede full disappearance---are not captured if the occurrence of shifting cultivation in the respective cells according to our present estimate remains greater than 5%. For this reason, the known widespread decrease in the occurrence of shifting cultivation in Southeast Asia (e.g. Laos, Vietnam) over the past 15 to 25 years is not reflected in this comparison. The areas newly classified as having shifting cultivation (blue in [Fig 6](#pone.0184479.g006){ref-type="fig"}) are more likely to have been missed in the Butler map than to represent actual new areas under shifting cultivation, as many of these regions are well known to still have significant shifting cultivation landscapes. Such areas are found in parts of Southeast Asia (e.g. Myanmar \[[@pone.0184479.ref063]--[@pone.0184479.ref065]\]), Central America (e.g. Yucatan Peninsula \[[@pone.0184479.ref066]\], northern South America (e.g. Venezuela \[[@pone.0184479.ref067]\]), and Madagascar \[[@pone.0184479.ref068]\]. Consequently, if further research (e.g. within global land-use models) needs spatially explicit estimates of areas under shifting cultivation at intervals lying between the status shown in the Butler map (1960s to 1970s) and our estimations for 2010 (e.g. decadal), the areas newly classified as having shifting cultivation (blue in [Fig 6](#pone.0184479.g006){ref-type="fig"}) should be added to the original Butler map, thereby producing an updated estimated extent of shifting cultivation for this earlier period.

![Comparison of the Butler map \[[@pone.0184479.ref013]\] (showing the status in the 1960s to 1970s) with our results (showing the status around 2010).\
This figure was elaborated by the first author using ArcGIS 10.4.](pone.0184479.g006){#pone.0184479.g006}

After analyzing the spatially differentiated changes between the status in the 1960s to 1970s as shown in the Butler map and our data for 2010 ([Fig 6](#pone.0184479.g006){ref-type="fig"}), we combined them with data from our expert survey about changes in areas under shifting cultivation between 1970 to 2000 and 2000 to 2010 as well as with information from the literature. On this basis, we can provide a preliminary overview of regional and national trends in the development of the extent of shifting cultivation over the past 40 to 50 years.

Regarding South and Southeast Asia, a meta-analysis by van Vliet et al. \[[@pone.0184479.ref017]\] showed that these regions have experienced marked decreases in shifting cultivation. These changes are not fully reflected in the above comparison between the Butler map and our own spatial investigation for 2010 because in many areas they have resulted only in a reduced occurrence of shifting cultivation but not yet in its full disappearance. However, the expert survey confirms that shifting cultivation has fully disappeared between the 1970s and the 2000s in various areas of mainland Southeast Asia, such as southern Thailand, Peninsular Malaysia, and China. In a second cluster of countries---Laos, Cambodia and Myanmar---shifting cultivation areas have decreased drastically since 2000. The "increase" of shifting cultivation in Myanmar shown in [Fig 6](#pone.0184479.g006){ref-type="fig"} is due to a marked underestimation in the Butler map, which can possibly be explained by the limited availability of information about Myanmar after the military government came to power in 1962. For large parts of insular Southeast Asia and South Asia (e.g. India, Bangladesh), comparison of the maps ([Fig 6](#pone.0184479.g006){ref-type="fig"}) and the survey responses point to similar trends.

Trends in humid tropical Africa vary widely. In West and Central Africa, shifting cultivation is largely continuing and has even been expanding in certain areas. This trend, which was also identified by van Vliet et al. \[[@pone.0184479.ref017]\], contrasts with developments in other parts of Africa, where decreases and the disappearance of areas under shifting cultivation have dominated over the last two decades. This is reflected both in the comparison of the two spatial data sets ([Fig 6](#pone.0184479.g006){ref-type="fig"}) and in the survey responses. However, it is important to underline that this assessment is based on very few survey responses ([Fig 3](#pone.0184479.g003){ref-type="fig"}) due to the small number of existing studies on shifting cultivation in Africa. Furthermore, it should be noted that the large difference between the two spatial data sets ([Fig 6](#pone.0184479.g006){ref-type="fig"}) in arid and semiarid parts of Africa (Sahelian and Sudanian zones of northern Africa as well as parts of southern Africa) is partly due to the fact that Butler included other, non-shifting smallholder farming systems in his map. In large parts of humid West Africa, shifting cultivation is still widespread---with the exception of Nigeria, where it has all but disappeared and remains present only in small pockets. In Central Africa, shifting cultivation also remains very widespread, with an even higher occurrence than in West Africa; in certain areas it is still expanding, such as in the Democratic Republic of the Congo \[[@pone.0184479.ref036]\]. In eastern and southern Africa, shifting cultivation is still present, but not very common, with particularly low occurrences in Kenya and Tanzania. Madagascar has seen only slight decreases; especially along its eastern escarpment the area under shifting cultivation has remained stable over the last two decades (e.g. \[[@pone.0184479.ref068]\]).

In Central America, shifting cultivation is still widespread, and both [Fig 6](#pone.0184479.g006){ref-type="fig"} and the survey results indicate an increase in some areas (e.g. Panama, Guatemala) well into the 2000s. In Mexico, however, the trend has been towards decreasing areas under shifting cultivation. South America shows mixed trends: Areas under shifting cultivation have clearly decreased in the southern Brazilian Amazon, whereas survey responses indicate that they are expanding in other parts of the Brazilian Amazon and in Peru. Despite the limited number of survey responses on Central and South America, it appears that here, unlike in Southeast Asia, areas under shifting cultivation have not seen a strong decline over the last 20 years.

3.4 Preliminary estimations of future trends in the extent of shifting cultivation {#sec010}
----------------------------------------------------------------------------------

Predicting future trends in the development of any form of land use requires extreme caution \[[@pone.0184479.ref023],[@pone.0184479.ref069]\]. However, future climate projections and carbon budget estimates on carbon land sinks and land use emissions based on earth system models depend on such predictions as input, so any attempt to provide an evidence base for them is certainly a worthwhile improvement compared to relying on historical trends or static futures. For this reason, we have estimated future changes in shifting cultivation by combining observed trends between the Butler map and our own map with expert's survey responses regarding future changes in shifting cultivation in different parts of the world. Based on this we expect that shifting cultivation is likely to decrease significantly in all regions over the next 20 years, and we estimate that it will tend towards disappearance in all regions by 2090 ([Table 3](#pone.0184479.t003){ref-type="table"}). In Asia, we expect that continued rapid economic development and the related changes in agricultural practices and, more importantly, in the economic structure (from the primary to the secondary and tertiary sectors) may cause shifting cultivation to disappear faster than in Africa or the Americas. By contrast, we expect that shifting cultivation will persist for a longer time in Africa, especially in Central Africa. Shifting cultivation tends to persist when population density is low and when options for agricultural development or alternative livelihoods are limited \[[@pone.0184479.ref022],[@pone.0184479.ref070],[@pone.0184479.ref071]\]. Both conditions apply to considerable parts of Central Africa.

10.1371/journal.pone.0184479.t003

###### Estimated trends in area under shifting cultivation between 2010 and the 2030s, 2060s, and 2090s expressed in percentage ranges of losses compared to 2010.

The ranges are based on the expert survey and observed trends between the Butler map and our 2010 classification ([Fig 5](#pone.0184479.g005){ref-type="fig"}).

![](pone.0184479.t003){#pone.0184479.t003g}

  Region                      2030      2060       2090
  --------------------------- --------- ---------- ----------
  Central and South America   10--30%   60--80%    80--100%
  Africa                      0--20%    60--80%    80--100%
  Asia                        30--50%   80--100%   100%

While keeping in mind the inherent limitations of these predictions, we can identify a number of more specific patterns. For large parts of Southeast Asia, the survey results point towards that the current swift decrease in shifting cultivation continues, and that a large share of the area under shifting cultivation will have disappeared by 2030, and the remaining pockets are likely to be almost entirely gone by 2060.Moreover, the survey results indicate trends for some specific Asian countries:

1.  \- Vietnam and Laos: Shifting cultivation is likely to be greatly reduced by 2030 and completely gone by 2060.

2.  \- Myanmar: Shifting cultivation is estimated to mostly disappear sometime between 2060 and 2090 if conflicts between union government and ethnic armed groups are resolved.

3.  \- Borneo and Sulawesi: Shifting cultivation is expected to disappear sometime between 2030 and 2060.

4.  \- India and Bangladesh: Shifting cultivation is estimated to disappear by 2030.

5.  \- Papua New Guinea: Shifting cultivation may persist well into the second half of this century, perhaps even until 2090.

Humid tropical Africa is probably the region for which developments are most difficult to predict due to limited data. The results indicate that shifting cultivation is likely to persist longest in Africa. In some specific areas, especially in Central Africa, it is likely to increase over the next decade before it begins to decline.

1.  \- West Africa (Sierra Leone, Liberia, Guinea, Côte d'Ivoire, Ghana): Shifting cultivation is anticipated to diminish rapidly by 2030 and to largely disappear by 2060 if peace is upheld and there is no major return of Ebola; but if conflicts resurface, shifting cultivation may persist well into the second half of this century.

2.  \- Central Africa: Shifting cultivation is estimated to persist well into the 2060s or longer due to the vast reserve of remote forested areas.

3.  \- Madagascar: Shifting cultivation is expected to remain widespread, especially along the eastern escarpment, until well beyond 2030.

For Central and South America, the survey shows a mixed picture, with some areas being quite stable or even likely to experience expansion in the near future, and other areas (e.g. Mexico and Brazil) likely to see a fairly rapid decrease and disappearance. Overall, a decrease after 2030 and disappearance after 2060 is expected.

Applying these largely survey-based estimates ([Table 3](#pone.0184479.t003){ref-type="table"}) to our map of the extent of shifting cultivation in 2010 ([Fig 5](#pone.0184479.g005){ref-type="fig"}), we were able to visually display our rough predictions of developments in the extents of shifting cultivation by 2030, 2060, and 2090 ([Fig 7](#pone.0184479.g007){ref-type="fig"}). We would like to emphasize that the maps in [Fig 7](#pone.0184479.g007){ref-type="fig"} are indeed very coarse estimates of the future global or continental extent of shifting cultivation---and not an exact representation of where precisely it might be found in the near or far future. We have nonetheless ventured to display our estimates in predictive maps because they are based on a spatially explicit analysis in 2010. We believe that this represents a significant improvement on the shifting cultivation predictions that have been used so far in global land use models to estimate future greenhouse gas emissions, and we hope that our estimates can be a valuable input for future comparisons between models and international synthesis studies such as the upcoming Coupled Model Intercomparison Project Phase 6 (CMIP6) experiments \[[@pone.0184479.ref027]\] and the next Assessment Report of the Intergovernmental Panel on Climate Change (IPCC).

![Preliminary estimates of changes in the occurrence of shifting cultivation between today and 2030, 2060 and 2090.\
This visualization is based on the estimation of landscapes showing signs of shifting cultivation around 2010 ([Fig 5](#pone.0184479.g005){ref-type="fig"}) as base year and estimated decreases of shifting cultivation ([Table 3](#pone.0184479.t003){ref-type="table"}) based on the expert surveys and observed trend between the Butler map and our 2010. This figure was elaborated by the first author using ArcGIS 10.4.](pone.0184479.g007){#pone.0184479.g007}

4. Conclusions {#sec011}
==============

Given the unavailability of automated approaches to detect shifting cultivation at a global level and deliver data in a timely manner for ongoing earth system modeling, we have used a visual interpretation approach to detect shifting cultivation. Based on existing data and knowledge, we have made a first attempt at estimating possible future trends in the distribution of shifting cultivation until 2090. While our estimates are based on non-automated methods and expert information from different parts of the world, we argue that our work nonetheless advances the state of knowledge considerably, especially with regard to earth system modeling scenarios, which have proved sensitive to the inclusion of shifting cultivation and up to now have used shifting cultivation data based on a hand drawn map from the 1980's.

Shifting cultivation remains widespread, despite decreases in its extent over the last four to five decades. However, we found that its occurrence in most one-degree cells, where it existed, was fairly limited, with roughly 85% of these cells showing occurrence levels below 20% (currently cultivated fields and all stages of fallows). Our cautious estimation indicates that the global extent of shifting cultivation, including currently cultivated fields and all stages of fallows, may amount to roughly 280 Mha, with the largest share in Africa, followed by the Americas and Asia.

Our preliminary estimated for the future indicate that the area under shifting cultivation is expected to shrink considerably over the next decades. This raises issues of livelihood security and resilience among people currently depend on shifting cultivation, who may face reduced provision of ecosystem services and limited access to land due to the expansion of permanent agriculture, tree plantations, urban areas, and forest protection or restoration \[[@pone.0184479.ref018],[@pone.0184479.ref019],[@pone.0184479.ref044],[@pone.0184479.ref072]\]. However, this future may also provide better opportunities for production and income generation if development efforts are sensitive to the needs of shifting cultivators \[[@pone.0184479.ref073],[@pone.0184479.ref074]\]. According to our tentative predictions, shifting cultivation---which has been a globally important form of human crop cultivation for millennia---may be gone by the end of this century.

Improvements in mapping the extent of shifting cultivation and trends in its development may be expected in the near future. Researchers are currently developing automated approaches that are capable of processing decades of Landsat data and detecting the spatio-temporal patterns of shifting cultivation. The recently launched Sentinel-2 instruments with their augmented repeat frequency will generally help to improve remote sensing--based analyses of the humid tropics, which are complicated by frequent and persistent cloud cover. Analysis of Landsat data back to Landsat4 (launched in 1982) could provide more than 30 years of pan-tropical records, covering a time of significant change in the distribution of shifting cultivation across the humid tropics and perhaps also in the length of fallow periods. These approaches, however, are still in the making and will require substantial resources. The present study is a first step towards a future in which we will know more about the global distribution of shifting cultivation; we hope it opens the door to quantifying shifting cultivation's importance for local as well as the global socio-ecological systems.

Supporting information {#sec012}
======================

###### Complied results of expert survey responses.

(PDF)
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Click here for additional data file.
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